Homozygous or heterozygous mutations in the PTEN-induced kinase 1 (PINK1) gene have been linked to early-onset Parkinson's disease (PD). Several neurophysiological studies have demonstrated alterations in striatal synaptic plasticity along with impaired dopamine release in PINK1-deficient mice. Using electrophysiological methods, here we show that PINK1 loss of function causes a progressive increase of spontaneous glutamate-mediated synaptic events in the hippocampus, without influencing long-term potentiation. Moreover, fluorescence analysis reveals increased neurotrasmitter release although our biochemical results failed to detect which presynaptic proteins might be engaged. This study provides a novel role for PINK1 beyond the physiology of nigrostriatal dopaminergic circuit. Specifically, PINK1 might contribute to preserve synaptic function and glutamatergic homeostasis in the hippocampus, a brain region underlying cognition. The subtle changes in excitatory transmission here observed might be a pathogenic precursor to excitotoxic neurodegeneration and cognitive decline often observed in PD. Using electrophysiological and fluorescence techniques, we demonstrate that lack of PINK1 causes increased excitatory transmission and neurotransmitter release in the hippocampus, which might lead to the cognitive decline often observed in Parkinson's disease. Synapse 70:223-230,
INTRODUCTION
Parkinson's disease (PD) is the most common movement disorder characterized by resting tremor, rigidity, and bradykinesia. The occurrence of PD is largely sporadic, but clinical syndromes resembling sporadic PD are caused by particular gene mutations (Klein and Westenberger, 2012) . Among these, the PTEN-induced putative kinase 1 (PINK1) is the second most frequent single factor responsible for early-onset PD, being associated with loss of function pathogenic mechanism (Kitada et al., 1998; Shen and Cookson, 2004; Valente et al., 2004) .
A mouse model lacking PINK1, which recapitulates key features of PD, display a decrease in evoked dopamine release and an impairment of corticostriatal synaptic plasticity (Kitada et al., 2007) . This evidence suggests that PINK1 contributes to the physiologic maintenance of nigrostriatal terminals (Kitada et al., 2007; Madeo et al., 2014) . In line with this, neuroimaging studies conducted on early-onset PD patients with PINK1 mutations revealed presynaptic dopaminergic dysfunction in the striatum (McNeill et al., 2013) , further supporting its role in preserving normal function of dopaminergic nerve endings.
Although PD is mainly characterized by motor symptoms, recent findings point to the impact of nonmotor symptoms appearing in the early pre-motor stages of the disease (Aarsland et al., 2004; Chaudhuri and Schapira, 2009) . In PD, the degeneration of midbrain dopaminergic neurons involves a number of mesolimbic regions (Prediger et al., 2011) , including the hippocampus (Shohamy et al., 2009) , which is crucially implicated in plastic events underlying synaptic plasticity, learning and memory (Bliss and Collingridge, 1993) . Accordingly, previous studies have shown cognitive and hippocampal plasticity defects in neurotoxic and genetic models of PD (Bonito-Oliva et al., 2014; Costa et al., 2012) .
Based on these premises, here we performed electrophysiological recordings from 2-and 6-month-old PINK1 knock-out mice (PINK1 2/2 ) to assess whether this gene ablation may impact the expression of synaptic plasticity and excitatory transmission in the hippocampus. Additionally, considering the established role of PINK1 in the physiology of dopaminergic terminals (Kitada et al., 2007) , we carried out biochemical analyses to elucidate how PINK1 loss of function may affect presynaptic mechanisms underlying neurotransmitter (NT) release.
MATERIALS AND METHODS Animals
Animal experiments were carried out in accordance with the guidelines established by the European Communities Council (Directive 2010/63/EU of 22 September 2010) and accepted by the Italian Ministry of Health (D.Lgs. 26/2014) and approved by the Ethical Committee on animal experiments of IRCSS Santa Lucia Foundation and University of Rome "Tor Vergata" (Rome, Italy). Mice were generated and characterized as previously reported (Kitada et al., 2007) . Breeding colonies of homozygous (PINK1 2/2 ), and of their wild-type littermates (PINK1 1/1 ) were established at our animal house. PINK1 1/1 and PINK1 2/2 mice at 2 and 6 month-old were killed by decapitation. Brains were rapidly dissected out on ice in order to collect hippocampal tissue that was randomly assigned to electrophysiological or biochemical experiments.
Electrophysiology
Preparation of mouse brain slices was performed as previously described (Nistic o et al., 2013) . Parasagittal hippocampal slices (thickness, 250-350 lm) were cut using a Vibratome (Leica VT1000 S) and incubated for 1 h in a holding chamber and then transferred to a recording chamber, completely submerged in artificial cerebrospinal fluid (aCSF, 30-318C) of the following composition (in mM): NaCl (124), KCl (3), MgCl 2 (1), CaCl 2 (2), NaH 2 PO 4 (1.25), NaHCO 3 (26), glucose (10); saturated with 95% O 2 , 5% CO 2 .
For extracellular recording, bipolar stimulating electrode was placed in the stratum radiatum to activate the Schaffer collateral commissural fibers. Recordings of field excitatory postsynaptic potentials (fEPSPs) were made in the middle of the stratum radiatum by using microelectrodes filled with ACSF (resistance 3-5 MX). For slices in which the presynaptic fiber volley was distinguishable, input-output relations were examined by plotting the initial slope of the fEPSP against the amplitude of the presynaptic fiber volley. Long-term potentiation (LTP) was induced by high-frequency stimulation (HFS; 100 Hz, 1 s). For statistical analysis we used unpaired t test after LTP induction (on the average of the last 10 min of recording).
Whole-cell patch clamp recordings from CA1 pyramidal neurons were performed using borosilicate glass electrodes (5-7 MX) filled with solution (in mM): K-Gluconate (135), KCl (10), MgCl 2 (2), CaCl 2 (0.05), EGTA (0.1), HEPES (10), ATP (4), GTP (0.3), pH 7.3. Unless otherwise stated, neurons were held at 270 mV. Current signals were filtered at 1 kHz and digitized at 5 kHz using a Multiclamp 700B operated by the pClamp10 software (Molecular Devices, Sunnyvale, CA). No series resistance compensation was implemented, in order to keep a low signal-to-noise ratio, however, recordings were discarded if series resistance changed by >15% from control. The spontaneous excitatory postsynaptic currents (sEPSCs) were detected in the continuous presence of picrotoxin (100 lM) from 3 min trace records and analyzed with Clampfit (Molecular Devices, Sunny-vale, CA).
Changes in amplitude, inter-event interval or frequency of the spontaneous events were compared according to their cumulative distributions, using the Kolmogorov-Smirnov (K-S) test, or their median values, using the Student's t test.
Synaptosome preparation
The preparation of purified synaptosomes has been previously described (Pittaluga et al., 2006; Feligioni et al., 2006) . Briefly, 10 volumes of 0.32 M sucrose buffered to pH 7.4 with Tris-(hydroxymethyl)-amino methane [Tris, final concentration (f.c.) 0.01 M] were used to homogenized the 6 month-old fresh hippocampi. The homogenate was then centrifuged for 5 min at 1,000 x g and the supernatant was gently stratified on a discontinuous Percoll (Sigma Aldrich, Italy) gradient (2%, 6%, 10% and 20% v/v in Tris-buffered sucrose). After a centrifugation at 33,500 x g for 5 min, the layer between 10% and 20% Percoll (synaptosomal fraction) was collected and washed. The synaptosomal pellets were resuspended in a physiological solution (Hepes Buffer) with the following composition (in mM): NaCl (140), KCl (3), MgSO 4 (1.2), CaCl 2 (1.2), NaH 2 PO 4 (1.2), NaHCO 3 (5), HEPES (10), glucose (10), pH 7.2-7.4.
Measurements of synaptic vesicle exocytosis Spectrophotometer measurements
The fluorescent dye Synaptogreen (Sigma Aldrich, Italy), also known as FM1-43, was used to measure synaptic vesicle exocytosis as previously described (Nistic o et al., 2015) . Synaptosomes (0.3 mg/mL) were incubated in 2 ml of Hepes Buffer for 2 min at 378C in mild agitation. Synaptogreen was added at a final concentration of 50 lM and the loading was performed by 1-min stimulation with KCl (30 mM). After 3 min, the excess of non-internalized Synaptogreen was removed by washing synaptosomes twice with Hepes Buffer containing 1 mg/mL BSA. Synaptosomes (200 lg of proteins) were resuspended in Hepes Buffer and seeded on coverslips for 30 min before imaging procedures. Coverslips were washed and placed on a time-lapse system (TiE; Nikon, Japan), equipped with a cooled CCD camera (Clara; Andor), Perfect Focus System to avoid z-axis focus fluctuations and a Niss Elements imaging software (Nikon). Video recordings were performed with a 40 3 oil objective (N.A 1.4) for 10 min (30 mM KCl) by taking 14 bit images every 2 s at room temperature (258C). Fluorescence was analyzed by using the Spot module of the ImarisSuite 7.6V R software (Bitplane A.G., Zurich, Switzerland) by selecting a 1.5-lm radius diameter of fluorescent puncta. Fluorescence intensity was measured in 15-20 randomly selected synaptosomes within the microscopic field. Destaining time courses were generated by normalization of each fluorescence spot trace. Quantification of FM1-43 responses was accomplished by calculating the average percentage of fluorescence loss.
Western blot
Around 15 lg of protein, for each condition, were resolved by 10% SDS-polyacrylamide gels and blotted onto PVDF membrane (Serva, Germany). The membrane was then blocked for 1 h at room temperature using Trisbuffered saline-Tween (t-TBS) (M) Tris, 0.02; NaCl, 0.15; Tween 20, 0.1%) containing 5% skimmed milk. Overnight incubation with specific antibodies followed at 48C: syntaxin 1a (STX1a) (Synaptic System, Germany), Munc-18 (Cell Signaling, USA), SNAP25 (Covance, USA), mouse b-actin 1 : 30,000 (Sigma Aldrich, Italy).
RESULTS

Normal CA1-LTP in PINK1
2/2 mice A previous study suggests that PINK1 loss of function causes a selective impairment in corticostriatal bidirectional synaptic plasticity, which could be restored by agents that either increase presynaptic DA release or directly activate postsynaptic DA receptors. On the other hand, basal transmission and long-term potentiation (LTP) were unaffected in the hippocampus of 2 monthold PINK1 2/2 mice (Kitada et al., 2007) . Here we carried out an electrophysiological analysis on hippocampal slices from knockouts and controls at 2 and 6 months of age. First, we generated input/output (I/O) curves by measuring fEPSPs elicited in the CA1 region by stimulation of the Schaffer collaterals at increasing stimulus intensities. As shown in Figure 1A , both 2 and 6 monthold PINK1 2/2 mice display similar basal transmission properties compared with age-matched PINK1 1/1 mice (p > 0.05; Fig. 1A) . Next, we examined LTP at hippocampal CA1 synapses elicited by high-frequency stimulation (HFS; 100 Hz, 1 s). Synaptic potentiation was similar in 2 month-old mice (PINK1 (Fig. 1B) . Collectively, these data indicate that PINK1 inactivation does not produce alteration in normal basal synaptic transmission and LTP in a hippocampal glutamatergic synapse.
Increase of excitatory transmission in PINK1 2/2 mice Since PINK1 disruption causes a selective impairment in DA release, here we wanted to investigate possible alterations in glutamatergic transmission. Changes in sEPSCs were studied using whole-cell patch clamp recordings from CA1 pyramidal neurons in 2 and 6 month-old PINK1 2/2 and PINK1 1/1 mice. In 2 month-old PINK1 2/2 mice no significant difference was found in sEPSC amplitude or frequency (K-S test and t test p > 0.05; Fig. 2A ). However, 6 month-old PINK1 2/2 mice display enhanced frequency of sEPSC compared with age-matched control littermates. This effect was proven by the leftward shift of the cumulative sEPSC inter-event interval probability distribution (K-S test P < 0.001; Fig. 2B ) and increase of median values of frequency (t test P < 0.01). Conversely, no difference was observed in sEPSC amplitude (K-S test p > 0.05, t test P > 0.05; Fig. 2B ). These data suggest that PINK1 deficiency causes a progressive enhancement in glutamatergic transmission, which might underlie the excitotoxic features typically associated with PD mouse models (Ambrosi et al., 2014) .
Evoked presynaptic release is enhanced in PINK1 2/2 mice Presynaptic release has been studied through timelapse video recording of Synaptogreen (FM1-43) fluorescence dye exocytosis following a previous report (Nistic o et al., 2015) . Images were collected in a 10 min video that was later analyzed. Responding synaptosomes were identified and are analyzed as region of interest (ROI) along the video. By measuring the ROI fluorescence changes it is possible to determine indirectly the quantity of neurotransmitter released during the experiment. Hippocampal synaptosomes obtained from 6 month-old PINK1 1/1 displayed FM1-43 release (14.5 6 0.9%) upon stimulation with 30 mM KCl. Notably, the KCl-evoked overflow was significantly increased in synaptosomes prepared from PINK1 2/2 mice (23.2 6 1.2%; t test, p < 0.05) (Figs. 3A and 3B ), suggesting that PINK1 disruption facilitates the evoked NT release.
PINK1
2/2 mice do not show alteration in the expression level of vesicle machinery proteins Presynaptic release machinery is supported by fine co-operation between several proteins that ensure the correct vesicle docking to the presynaptic membrane and therefore the release of neurotransmitter (Hackett and Ueda, 2015) . A modification of the expression level of these proteins can alter neurotransmitter release capability also in PD (Esposito et al., 2012) . In order to understand whether the augmented release capability of 6 month-old PINK1 2/2 mice depends on a variation in the expression level of specific presynaptic proteins, the synaptosomal lysates were subjected to western blot analyses by using specific antibodies against syntaxin 1a (STX1a), Fig. 1 . Normal CA1-LTP in PINK1 2/2 mice. A: Input/output curves from 2-and 6-month-old PINK1 2/2 and PINK1 1/1 mice measured by plotting the field excitatory postsynaptic potential (fEPSP) slopes and their corresponding presynaptic fiber volley amplitudes at increasing stimulus strengths. Basal synaptic transmission was unaffected in PINK1 2/2 compared to PINK1 1/1 mice at both age stages. At least 6 slices from 6 mice were used for each group tested. Each data point is the mean of two recordings. B: Superimposed pooled data showing the normalized changes in field potential amplitude (6SEM) induced by TBS. LTP is unaltered both in 2-and 6-month-old PINK1 2/2 compared to their age-matched wild-type littermates. At least 6 slices from 6 mice were used for each group tested. Representative fEPSPs traces before and 60 min after the induction of LTP are shown. Calibration bars, 0.5 mV, 10 ms.
Munc-18 and SNAP25. Synaptosomal protein expression between PINK1
2/2 and PINK1 1/1 mice were comparable (Fig. 3C ).
DISCUSSION
In this study, electrophysiological and time-lapse imaging analyses reveal that PD-linked PINK1 loss of function causes dysregulated neurotransmitter systems beyond the nigrostriatal dopaminergic circuit as previously reported (Kitada et al., 2007) . Accordingly, we here demonstrate that PINK1 loss of function mutation leads to subtle changes in excitatory transmission in animals reaching 6 months of age, as shown by increased frequency of spontaneous glutamate-mediated synaptic events and enhanced NT release in the hippocampus. Of note, basal synaptic transmission and LTP at CA1 synapses was normal in PINK1 mutants at both age stages. This indicates that the excitatory terminals in the hippocampus retain long-term plastic properties in spite of an increased ongoing activity.
A critical role for PINK1 in the expression of striatal plasticity was previously found (Kitada et al., 2007) . In fact, PINK1 2/2 mice display deficits in corticostriatal LTP and LTD compatible with a specific alteration in presynaptic function, which might lead over time to nigrostriatal degeneration in PD. The molecular mechanisms linking PINK1 to DA release are still unclear and, among other systems, might involve presynaptic cannabinoid CB1 (Madeo et al., 2016) and group II metabotropic glutamate (mGlu) (Martella et al., 2009 ) receptors, both key regulators of NT release. (n 5 10) and PINK1 2/2 (n 5 10). Histograms are averages (mean-6 SEM) of the frequency median values from neurons of agematched PINK1 1/1 and PINK1 2/2 mice. On top are representative trace records from PINK1 1/1 (left) or PINK1 2/2 (right) mice.
Synapse
Besides its prominent role in the nigrostriatal dopaminergic circuit, PINK1 is highly expressed also in the hippocampus (Blackinton et al., 2007) , where it regulates mitochondrial dynamics and function (Yu et al., 2011) , thereby playing a neuroprotective role under ischemic insult (Chen et al., 2015) . Of note, PINK1 mutation carriers show a progressive limbic and frontal gray matter volume decrease which is associated with psychiatric symptoms including major depression and schizophrenia-spectrum, panic, and obsessive-compulsive personality disorders (Reetz et al., 2008) .
Glutamate excitotoxicity, characterized as an excessive synaptic release of glutamate, has been proposed to play a role in neurodegenerative diseases, including PD (Blandini, 2010; Mehta et al., 2013) . Glutamate, through activation of postsynaptic N-methyl-D-aspartate (NMDA) receptors causes an influx of calcium, which in turn causes calcium dysregulation and mitochondrial depolarization (Schinder et al., 1996; Stout et al., 1998; White and Reynolds, 1996) . PINK1/Parkin pathway has been linked to neuroprotective effects since translocation of Parkin to mitochondria following transient glutamate exposure targets damaged mitochondria for mitophagy (Van Laar et al., 2015) . In addition, manipulation of PINK1/Parkin expression affects dendritic spine morphology; accordingly PINK1 deficiency decreases dendritic spine number in rat hippocampal neurons and enhances neuronal vulnerability to excitotoxic stimuli (Yu et al., 2011) . For these reasons, targeting group III mGlu receptors, which prevents excitotoxicity by inhibiting glutamate release from neurons and microglia and by increasing glutamate uptake by astrocytes, has been proposed for the treatment of PD (Williams and Dexter, 2014) .
We here provide evidence that PINK1 loss of function, beyond leading to impairment of dopaminergic transmission in the nigrostriatal pathway, might contribute to synaptic alterations also in other brain areas. Accordingly, our results obtained in the hippocampus of PINK1 deficient mice might reflect the progressive occurrence of non-motor symptoms observed in PD patients. In agreement with its neuroprotective role, in this study we show that PINK1 disruption causes enhanced excitatory transmission, which might precede excitotoxicity and consequent hippocampal neuropathology in PD (Hall et al., 2014) . This neuroprotective role is also in agreement with several lines of evidence indicating that PINK1 can protect cells also from other types of stressors, including proteasomal inhibition, oxidative stress, mitochondrial blockers and apoptotic inducers (Mills et al., 2008; Matic et al., 2015; Strappazzon and Cecconi, 2015) . For these reasons, targeting PINK1 pathway might be of therapeutic interest not only in PD and other neurodegenerative conditions (Khalil et al., 2015; Chin and Li, 2016) , but also in peripheral disorders (Williams and Ding, 2015) . The current findings and previous evidence showing an impairment of dopamine release both in homozygous and heterozygous knockout mice (Kitada et al., 2007; Morais et al., 2009; Madeo et al., 2014) clearly indicate an alteration in transmitter release processes. Further studies are needed to better elucidate the molecular substrates for the interaction of PINK1 with other potential partners involved in the presynaptic release machinery. The proteins here analyzed are essential for the complex machinery that leads to NT release. Their interaction has been extensively studied and it is known that MUNC18 and STX1a, that are anchored to the presynaptic membrane, are the first players for the formation of the 'SNARE complex' that later includes also SNAP25 and other proteins (Kavanagh et al., 2014; S€ udhof, 2012) . Our biochemical results failed to detect which proteins might be engaged, since STX1a, MUNC18 and SNAP25 expression was found normal in PINK1 mutants. A defect in the synaptic vesicle machinery, which includes SNARE complex formation, has been recently implicated in several neurodegenerative disorders including PD (Esposito et al., 2012) . Our biochemical results seem to be supported by the evidence that PINK1 loss of function is related to synaptic vesicle trafficking dysfunction of the reserve releasing pool (RP) but not to the cycling pool (CP), which is active at the membrane. Accordingly, Drosophila PINK1 mutants have a reduced capability to internalize FM1-43 florescent dye in the RP but not in CP (Morais et al., 2009 ). This defect seems attributable to the incorrect localization of mitochondria at the synapses which reduces the ATP provision. The increased evoked release that we here observe could be supported by the evidence that PINK1 knockout mice show an increased expression of alpha-synuclein (Oliveras-Salv a et al., 2014) which seems to be linked to an augmented assembly of SNARE-complex thereby increase release probability (Burr e et al., 2010) .
The described presynaptic alterations may lead to an increased excitotoxicity, thus compromising the survival and function of hippocampal neurons and participating to the cognitive decline often observed in PD.
